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B inocular vision is the blending of separate images seen by each eye into one composite image. This is advantageous from various perspectives, including a wider field of view, stereopsis, and reduction of detection threshold (as compared to monocular viewing), a phenomenon known as ''binocular summation.'' [1] [2] [3] [4] Reduced binocular summation was suggested to be the consequence of saturation of perception as in high contrasts and long stimulus durations. 1 Reduced binocular summation was also reported to be associated with increasing eccentricity. 2, 5 Binocular stimulation in cats and macaque monkeys resulted in a higher firing rate response in comparison to monocular stimulation and even caused the neuron to fire when monocular stimulation was insufficient to induce a response (subthreshold stimuli, reflecting binocular summation). [6] [7] [8] In humans, binocular summation was demonstrated in response to low contrast stimuli, as increased blood oxygenation leveldependent (BOLD) peak response during binocular versus monocular viewing condition. No binocular summation was evident for high contrast stimuli. 9 ''Ocular dominance'' is the tendency to prefer visual input from one eye over the other. Controversy regarding the definition of ocular dominance exists in the literature, and different aspects of dominancy (such as better acuity and rivalry) are described (for a review, see Mapp et al. 10 ). Sighting ocular dominance defines the dominant eye as the one that better describes the binocular vision. Different sighting eye dominance tests (among them, the Miles test) have high intercorrelation and test-retest reliability. 10, 11 However, unlike handedness, this preference is subtle and subjects are frequently unaware of it. 12 Ocular dominance, as defined by increased firing rates in response to stimulation of the preferred eye, has been demonstrated in cats and macaque monkeys. 7, 13 Other measurements, including receptive field (RF) shape, axis orientation, and excitatory/inhibitory configuration were not associated with ocular dominance. 7, 8, 13 Studies in humans using functional magnetic resonance imaging (fMRI) demonstrated larger activation areas in response to stimulation of the sighting-dominant eye 14 but similar percent signal change. 15, 16 Our visual world contains features with a wide range of object scales, such as different spatial frequencies, and can be considered as broadband. In contrast, single neurons in V1 are narrowband, that is, narrowly tuned to specific spatial scales. Thus, to perceive the broadband picture, the narrowband information from single neurons requires integration. This integrational process is highly relevant to ocular dominance and binocular processing. 17 In the current study, we aimed to investigate the neural substrate of binocularity and ocular dominance in humans, using the population receptive field (pRF) modeling tech-nique. 18 Utilizing the advantage of this technique, our study explored whether ocular dominance and binocular summation are associated with differences in amplitude and pRF size.
We evaluated two potential hypotheses:
H1: Behavioral functioning may be explained by pRF size. Smaller receptive field sizes are associated with improved visual acuity, [19] [20] [21] [22] [23] so we expect that binocular pRF sizes will be smaller than the monocular ones, and within the monocular stimuli, the dominant eye will produce smaller pRF sizes. H2: The second hypothesis relates behavioral functioning to response amplitude, suggesting increased BOLD amplitude in binocular versus monocular stimulations, as well as during dominant versus nondominant ones.
METHODS

Subjects
We examined 13 normal sighted subjects, all had 20/30 or better corrected visual acuity. The study group included 9 females, median age 25.4 years (range, . Nine participants were right eye dominant, according to the Miles test. 15, 24 Hadassah Hebrew University Medical Center Ethics Committee approved the experimental procedure based on the tenets of the Declaration of Helsinki; written informed consent was obtained from all subjects after explanation of the nature and possible consequences of the study.
Study Design
Drifting bar stimuli (as described in Klein et al. 25 and Zuiderbaan et al. 26 ) were used in three different viewing conditions: binocular, monocular-dominant, and monocularnondominant (see Fig. 1A ). For the monocular conditions, a patch was used to cover one eye. For each viewing condition, stimuli runs were repeated four times. Participants were asked to switch patches after the fourth run of each viewing condition with the aim of limiting movement. Inplane scans (see ''MRI Data Acquisition'') were performed following the patch switch, and functional data were co-registered to the anatomical scan to avoid bias from any remaining inter-viewing condition movements. Viewing condition order was counterbalanced across participants. In each run, a 28 bar aperture, occurring in four possible orientations-horizontal, vertical, and two diagonals-drifted through the visual field in eight directions perpendicular to bar orientation. The bar aperture moved in 16 steps of 18 and 1.5 seconds through the display. A circular checkerboard display (168 diameter,) was seen through this moving bar aperture. Thus, stimuli length was defined by its current orientation and position within the display (Fig. 1A) . The checkerboard spatial fundamental frequency was 0.5 cycles per degree, and the checkers moved in opposite directions parallel to bar orientation, switching direction after 4 seconds or more.
To control for fixation, a central task requiring the participants to report color changing of a fixation dot was administered. After each horizontal or vertical bar pass, there was a 12-second baseline period in which the participant was presented only with a fixation dot, and continued fixation ( Fig.  1A) .
Stimuli were created in Matlab using the VISTADISP toolbox (https://github.com/vistalab/vistadisp, available in the public domain) and Psychtoolbox. 27 Stimuli were transferred through a mirror converter box to a 32 00 MR-compatible LCD Monitor (NordicNeuroLab, Bergen, Norway), which was placed at a 140-cm viewing distance. The stimuli were projected onto a mirror above the face of the participant.
MRI Data Acquisition
Scans were performed using a 3T Siemens MAGNETOM Skyra scanner (Siemens Healthcare GmbH, Erlangen, Germany).
To acquire 20 coronal functional slices covering the visual areas, the posterior part of the 32-channel receiver coil was used to perform 2D echo-planar imaging sequences (repetition time (TR)/echo time (TE) 1500/27 ms, flip angle 558, isotropic voxel size 2.5 mm, field of view ¼ 180 3 180 mm). Inplane anatomical scans (TR/TE 300/3.78 ms, flip angle 608, voxel size 0.8 3 0.8 3 2.5 mm, 20 coronal 200 3 200 mm slices) were performed after each viewing condition. The full 32-channel coil was used to perform a high-quality magnetization-prepared rapid acquisition with gradient echo (MPRAGE; TR/TE 2300/ 2.98 ms, flip angle 98, isotropic voxel size 1 mm, 160 axial 256 3 256 mm slices covering the whole brain).
Data Analysis
Using the VISTASOFT toolbox (https://github.com/vistalab/ vistasoft, available in the public domain), functional scans were preprocessed. This encompassed removal of eight pre-scan volumes, slice timing correction, and rigid-body motion compensation, including between scans and within scan alignment (using code originally described by Nestares and Heeger 28 ). The high-quality anatomical scans were realigned in AC (anterior commissure)-PC (posterior commissure) space by identifying the anterior and posterior commissure. Subsequently, gray-white matter segmentation was performed in Free-Surfer. 29 After a first manual co-registration, the Nestares alignment, 28 SPM mutual information (http://www.fil.ion.ucl.ac.uk/ spm/software/spm8/, available in the public domain) and, if necessary, the Kendrick Kay codes (https://github.com/ken drickkay/, available in the public domain) were used to automatically align the inplane to the anatomical scan. The resulting alignment was carefully inspected visually and, if required, edited manually.
Using the VISTASOFT toolbox, the pRF was modeled for all voxels that were part of a 3-mm gray matter layer, which was grown on the white matter surface. The pRF model, which describes the receptive field of the neural populations in each voxel, has been comprehensively described by Dumoulin and Wandell. 18 The mrMesh subfunctionality of the VISTASOFT toolbox was used to generate and smooth 3D meshes of the gray matter brain surface. Eccentricity and polar angle values were calculated from the modeled pRF center, and polar angle reversals and eccentricity maps were used to delineate the visual brain areas V1, V2, V3, hV4, and TO1/TO2 (equivalent to MTþ; see, for instance, Amano et al. 30 and Witthoft et al. 31 ). An example of a delineation of the visual areas on the polar angle and eccentricity maps can be found in Figure 1B .
Statistical Analysis
BSDA, WRS, and WRS2 packages in R were used for statistical testing.
For assessment of the modeled pRF size (r; defined here as the standard deviation of the best-fitting 2D Gaussian model), only voxels with variance explained (VE) >30% were included for further analysis, 19, 32 but for assessment of amplitude, all voxels were included since preselecting on VE may bias the data toward higher data-derived % signal change amplitudes (b).
Assuming that there is a linear relationship between r (or b) and eccentricity, the fit of the baseline representing this relationship at 48, represents, in a way, the average r (or b) of all eccentricities in each ROI, to which all eccentricities contribute equally. Simply taking the average of the whole area would result in a stronger influence of low eccentricities relative to high eccentricities. Thus, for statistical analysis, individual rs and bs at 48 eccentricity were derived. In addition, to assess possible inconsistencies across eccentricities, rs and bs were assessed in clinical foveal (0.58-2.58), foveal/central (2.58-58) , and parafoveal/paracentral (58-7.58) eccentricity ranges. A mixed-model analysis of variance (ANOVA) with viewing condition (binocular, dominant, and nondominant eye) as within-subjects factor and condition order (binocular first or last) as between-subjects factor was performed on r and b. Sphericity was evaluated and in cases where sphericity was violated, the sphericity-corrected P value was assessed. Assumptions of normality and equality of variance were assessed using the Shapiro-Wilk and Levene's homogeneity of variance tests, respectively. If these tests indicated assumption violations, either through significant (P < 0.05) or marginally significant (P < 0.1) results, the median was assessed with the robust version of the mixed model ANOVA Supplementary Fig. S1 ), mapped on the 3-dimentional surface of the individual brain. Color bars, and circle diagrams depict the represented eccentricities and polar angles, respectively. The calcarine sulcus is marked with a ''c.'' For visualization purposes only, these maps were limited to variance explained (VE) > 0.01% and eccentricities from 08 to 88. with 1000 bootstrap samples (https://CRAN.R-project.org/ package¼WRS2; see Field et al., 33 Mair and Wilcox, 34 and Wilcox 35 ). Results were Bonferroni multiple comparisons corrected for 5 comparisons in assessing at 48 (5 visual areas) and 15 comparisons in assessing in the 3 eccentricity ranges (5 visual areas * 3 eccentricity bins). A strict Bonferroni correction for multiple comparisons was used. Significant results that did not pass this strict correction are mentioned when relevant. If results were significant after multiple comparisons correction, paired t-tests or robust post hoc tests 36 were performed, depending on normality and homogeneity of variance assumptions, which were then Bonferroni corrected for three among-conditions comparisons.
''Binocular summation ratios'' were defined as the binocular/averaged monocular values, derived from the fitted r and b at 48. This was separately calculated for the pRF size and percent signal change (BOLD amplitude) measures. The sign test or t-test were used (https://CRAN.R-project.org/pack age¼BSDA, available in the public domain) depending on whether parametric assumptions were violated or not, to compare resulting summation ratios to 1 (ratios of 1 imply zero summation, as they result from equal binocular and average monocular values). Summation ratios were assessed at 48, and at clinical foveal (0.58-2.58), central (2.58-58) , and paracentral (58-7.58) eccentricity ranges. Bonferroni was then used to correct for, respectively, 5 and 15 comparisons. Significant results without multiple comparisons correction were also reported.
RESULTS
Participants performed well on the fixation task in all conditions (>85%). No significant differences in fixation performance between conditions were detected.
Population Receptive Field Size (pRF)
Polar angle and eccentricity maps were typically distributed over the cortical surface, allowing delineation of V1, V2, V3, hV4, and TO1,2 (Figs. 1B, 2A, 2B). As expected, pRF size increased with eccentricity ( Fig. 2C, 2D ) and along the hierarchy (Fig. 2D) .
At 48 (representing the visual area average), no differences were seen between the viewing conditions within each region, that is, neither between binocular and monocular nor between dominant and nondominant viewing conditions (Fig. 3A) . However, when we separately examined the effects at the different eccentricities, higher pRF size for binocular than for nondominant eye viewing was seen at V2 at 58 to 7.58 (Fig. 3B ).
Signal Amplitude
BOLD amplitudes seemed to increase with eccentricity ( Fig.  4A ) and decrease along the hierarchy (Fig. 4B ). Binocular amplitudes were higher than the monocular amplitudes but similar between dominant and nondominant eyes (Fig. 4A, 4B) .
At 48, the main effects of viewing condition on amplitude were seen in all studied visual areas except TO1/TO2 (which was significant but did not pass correction for multiple comparisons). Post hoc tests revealed effects for the binocular-dominant contrast in V2, V3, and hV4, and for the binocularnondominant contrast in V1 to V3, indicating that binocular amplitudes were significantly higher than monocular ones. Higher binocular amplitudes for the binocular-dominant contrast in V1 and the binocular-nondominant contrast in hV4 were also found but did not pass correction for multiple Supplementary Fig. S1 ), whose maps were selected to be representative of our data. (C) pRF size is plotted as a function of eccentricity. Plotted are binocular (black), nondominant (magenta) and dominant eye (red) viewing conditions for areas V1 to V3 (left) and hV4 and TO12 (right). (D) Plots of the pRF sizes in areas V1, V2, V3, and hV4 are also shown, respectively, in the colors black, blue, red, and green. Dotted lines mark the range of pRF sizes derived from 95% of the observation resulting from 1000 bootstrap samples of baseline fitting.
comparisons. No differences in amplitude were found between dominant eye and nondominant eye stimulation (Fig. 5A ).
Higher binocular than monocular amplitudes were found at 0.58 to 2.58 (V1, V3), 2.58 to 58 (V3) and 58 to 7.58 (V2, V3) eccentricities. Moreover, significant effects were found for the other eccentricity ranges in V1 to V3 but did not pass correction for multiple comparisons. This suggests that higher binocular than monocular amplitudes were consistent across eccentricities (Fig. 5B) .
No main effects of order were found for the pRF size nor for the amplitudes analysis.
Binocular Summation
As neither amplitude, nor pRF size differed between dominant and nondominant viewing conditions, average monocular responses were used to calculate binocular summation ratios (Fig. 6 ). These summation ratios were statistically compared to 1 (zero summation). At 48, there was significant summation for amplitude ( Fig. 6A ) but not for pRF size (Fig. 6B ). Summation in V1-V3 was significant for all eccentricities, except 0.58 to 2.58 in V2, suggesting that amplitude summation consistently occurred across almost all eccentricities in these areas. The pRF size ratio at 58 to 7.58 in V2 was significantly higher than 1 in correspondence to the earlier described difference in pRF size between binocular and nondominant eye stimulation in the same area.
Interindividual and Intervoxel Variability of Amplitude Binocular Summation
An amplitude summation higher than 1, as derived from the average individual binocular and monocular amplitudes, was consistently present among subjects (12 of 13 subjects in V1, hV4, and TO1/TO2, and in 13 of 13 subjects in V2 and V3; see Supplementary Fig. S1a ).
Additionally, summation ratios for the individual voxels in each condition along V1 to hV4 were computed. Summation ratios were larger than 1 in high percentages of voxels ( Supplementary Fig. S1b ).
The consistency of amplitude summation ratios, across subjects and voxels, underlines the robustness of these data despite small participant numbers.
DISCUSSION
Our results suggested that neither the amplitude nor the receptive field size present intereye differences and therefore cannot explain the different roles of the sighting dominant and the nondominant eyes.
Binocular vision, as compared to monocular, resulted in amplitude increase by a factor of approximately 1.2, while in most cases, receptive field sizes were similar, suggesting increased binocular response intensity as the basis for the binocular summation phenomenon.
Despite no clear differences in pRF size, one should keep in mind that small differences may exist but are obscured by data variability or methodological limitations. For the former, our relatively small sample size could have masked differences among conditions, but given the 95% confidence intervals for pRF size, any masked effects must be very subtle. With respect to the methodology used, spatial resolution of the fMRI, limited by voxel size (2.5 mm isotropic), may obscure size effects. However, using the model, we are not looking at the single neuron level but at the population. On that level of resolution, significant differences, if existing, would have emerged.
Negligible Effect of Ocular Dominance on Visual Field Cortical Representation
Sighting ocular dominance describes the dominant eye as the one that defines binocular vision. Unlike handedness, eyedness is known to be a subtle phenomenon, and many people are not aware of the fact that they have a favored eye. 12 The nonrigid nature of ocular dominance, shown by several studies, is therefore not surprising. For example, short periods (several hours) of monocular deprivation were reported to influence the occluded eye's contribution to the binocular percept. 37, 38 This plasticity was suggested to result from interocular contralateral inhibitory signals that change following patching. 37, 39 Furthermore, sighting ocular dominance was also reported to be biased by direction of gaze, 12, 40 with gazing to the left increasing the prevalence of left eye dominance in individuals with straight-gaze right eye dominance, and vice versa. Thus, if eye dominance is unstable over time and context-dependent, as it appears to be, the probability of finding a stable neural correlate is low.
While several reports suggested sighting eye dominance effects on the size of the activated brain area, 14 VEP latency 41 and amplitude, 42 others reported no such effects (BOLD % signal change 15, 16 ; VEP amplitude 41 ). Similar to our study, a small sample of four subjects (used as a control group) revealed no difference in pRF sizes as a function of sighting ocular dominance. 32 We thus suggest that this variability among the different studies may reflect differences in experimental design but mainly highlights the context-dependency of ocular dominance. 
Similar Binocular and Monocular Receptive Fields' Sizes
Higher binocular compared to nondominant pRF size was found at 58 to 7.58 in V2, suggesting that the binocular pRF size is driven more by the dominant rather than the nondominant eye. However, this effect was quite subtle and did not occur in other areas or at other eccentricities. Assessing the pRF size in a larger participant group could reveal a more general effect, but we suggest that the effect could be considered negligible, relative to potential disease-specific monocular-binocular differences in unilateral eye diseases.
Binocular Summation Seems Derived From Response Amplitude
Our findings of elevated binocular amplitude summation ratios are in line with cats' and monkeys' cellular recordings, demonstrating higher firing rates during binocular versus monocular stimulations. [6] [7] [8] 13 The complementary similarity between the monocular and binocular receptive field sizes has also been previously described. 43 Theoretically, summation ratios higher than 1 can reflect performance superiority in binocular compared with monocular conditions, and we consider any such ratios to reflect binocular summation. In psychophysical experiments, it has been proposed that this phenomenon simply stems from ''probability summation'': presentation of visual inputs to both eyes results in a double chance of producing the correct response. 44 However, binocular contrast summation ratios higher than 1.25 cannot be explained solely by chance [45] [46] [47] and should be interpreted as neural interaction summation. Thus, the behavioral binocular summation ratios of 1.42 to 2.0 in foveal regions indicate a neuronal origin. 2, 3, 45, 46 The behavioral phenomenon is influenced by saturation effects 1 in the sense that ratios are reduced with higher stimulus contrast and with longer periods of stimulus presentation but still reflect a real neurological phenomenon. 44, 47, 48 In neuronal recording experiments, the measured variable is different, and if monocular inputs are parallel and no neural interactions exist, binocular BOLD peaks and VEP amplitudes should have twice the magnitude of the monocular response. 9 If such is not the case, this would suggest neural interaction summation. More explicitly, higher ratios may indicate synergistic, while lower values inhibitory, interactions.
In reality, our binocular inputs fuse into a cyclopean world representation, which enables, for example, stable contrast perception that occurs whether we look at an image with one or two eyes. 9, 49 Thus, previously found summation ratios other than 2 in EEG VEP amplitudes (i.e., 1.26-2.1 [50] [51] [52] ) and in an fMRI study (at low contrast; i.e., 1.55 9 ) are in line with the phenomenon of neural summation. Binocular summation ratios were higher in response to binocular stimuli with perpendicular orientations than to binocular stimuli with identical orientations, suggesting that the interocular suppression involved in the binocular neural interactions is orientation-specific. 9 Interestingly, a recent study revealed binocular summation to differently affect the different components of the VEP (summation ratios of 1.5-1.7 for the N75; 1.2-1.3 for the P100; and 1.4 for the N145). 53 Latencies were unaffected. 53 Based on cortical sourcing, we know that N75 originates solely from V1 sources, while P100 also has extra-striate sources. [54] [55] [56] [57] [58] [59] This would seem to imply that along the visual hierarchy, binocular summation is initially robust and later inhibited.
Additionally, a combined electrocorticography (ECoG) and fMRI study revealed that the ECoG signal has two components, that is, a stimulus-locked, linear component and an asynchronous, broadband component. 60 When both components and the fMRI BOLD signal were pRF modeled, it was found that the stimulus-locked pRF reflected linear spatial summation, possibly originating from the input layers (4C) of the visual cortex. 60 The fMRI and broadband ECoG component pRFs were analogous, reflecting highly similar sublinear summation, probably originating from layers 2 and 3. These pRFs would reflect later stages of the visual processing, 60 suggesting that the binocular summation ratio of 1.2 also reflects later visual processing stages.
Therefore, it seems that the different summation ratios reported in the literature reflect different stages of visual processing along the visual hierarchy.
What Are Possible Behavioral Roles of High-Contrast Binocular Summations?
We have discussed roles of binocular summation in 2dimensional vision. Another possible advantage for binocular summation is its role in depth perception. Support for this relationship can be found in the fact that binocular summation appears strongest at zero disparity and decreases with increasing binocular disparity. 61 Increased binocular summation was also found to be associated with improved stereoacuity after strabismus surgery. 62 Reduced VEP and reduced contrast binocular summation have also been found in stereoimpaired individuals. 63, 64 Moreover, whereas binocular summation is stronger at low contrasts, 1 sensitivity to binocular disparity rises with increasing contrast. 65 Binocular summation has also been found to facilitate actions such as reflexive eye movements and even walking. 66 
Limitations
An important limitation of our study is the low number of subjects. Still, as discussed above, amplitude summation was consistently present in all subjects and across voxels, suggesting that our low sample size is unlikely to bias results.
Additionally, the fixation control task (previously used by Dumoulin and Wandell, 18 Harvey and Dumoulin, 19 Zuiderbaan et al., 26 Amano et al., 30 and Clavagnier et al. 32 ) is not very demanding and thus attentional effects could influence our results. [68] [69] [70] However, in light of the ocular dominance context-dependency on which we previously elaborated, we do not rule out the possibility that attention plays a role in the studied phenomena.
Another concern that should be raised is the effect of disparity. For a flat display, a single stimulus gives rise to two different images in the two eyes, and this effect is accentuated at high eccentricities. As a result, binocular stimulation might give rise to different pRF sizes (compared to monocular viewing) simply due to different retinal images. To that end, we want to emphasize that zerodisparity horopter closely corresponds to a flat screen until eccentricities of up to 10 degrees 71 and our stimuli were limited to 8 degrees. Thus, binocular disparity effects that may occur due to increases in eccentricity are negligible in our case.
CONCLUSIONS AND FUTURE DIRECTIONS
It can be concluded that only minor differences exist between binocular and monocular vision with regard to pRF size and that binocularity is mainly reflected by higher binocular amplitudes. There was no effect of ocular dominance on the visual field cortical representation. It would be interesting to further study these effects via ocular dominance columns using ultra-high-field MRIs.
Our results should find application in imaging studies of monocular disease, such as optic neuritis. Optic neuritis is a monocular demyelinating disease of the optic nerve causing acute visual loss and is frequently the presenting symptom of multiple sclerosis. [72] [73] [74] Weeks following the acute attack, the amplitudes of the input transmission via the affected eye resolve, but conduction latencies via this side often remain substantially prolonged. [73] [74] [75] This prolongation may persist for years following the attack causing intereye temporal mismatch in input arrival to the cortex. [73] [74] [75] We have previously suggested a new type of cortical reorganization in recovered optic neuritis patients that would compensate for this unilateral peripheral delay. 75 This adaptation within the temporal domain enables intereye synchronization, and facilitates binocular functions, such as stereopsis perception. Quantifying monocular and binocular field sizes and evaluating their correlation to patients' binocular visual abilities could help us understand the mechanisms of this hypothesized reorganization process.
